Abstract. The main purpose of active flow control research is to develop a cost-effective technology that has the potential for inventive advances in aerodynamic performance and maneuvering compared to conventional approaches. It can be essential to thoroughly understand the flow characteristics of the formation and interaction of a synthetic jet with external crossflow before formulating a practicable active flow control strategy. In this study, the theoretical model used the transient three-dimensional conservation equations of mass and momentum for compressible, isothermal, turbulent flows. The motion of a movable membrane plate was also treated as the moving boundary by prescribing the displacement on the plate surface. The predictions by the computational fluid dynamics (CFD) code ACE+ ® were compared with measured transient phase-averaged velocities of Rumsey et al. for software validation. The CFD software ACE+ ® was utilized for numerical calculations to probe the time evolution of the development process of the synthetic jet and its interaction within a turbulent boundary layer flow for a complete actuation cycle.
Introduction
The utilization of synthetic jet actuator (SJA) has received increasing attention in the fields of jet vectoring, separation control, virtual aeroshaping, and mixing and heat transfer enhancement [1] . In essence, the SJA is a zero-net-mass-flux device which can be readily integrated into surfaces involving active control of flow separation without the need for a fluid tank and plumbing system. Synthetic jets issued from microactuators have successfully demonstrated the capability of achieving similar effectiveness to steady blowing or suction with relatively smaller momentum for modifying pressure distributions and subsonic flow characteristics of simple airfoils and cylinders [2] . With the fluid being pumped in and out of the jet cavity at a high frequency of the order of ~1000 Hz, the synthetic jets are arranged to produce the desired control of the flow field via inducing momentum into the boundary layer [3] . This complex flow control phenomenon has attracted researchers to explore the flow characteristics of a synthetic jet interacting with a crossflow. For instance, Mittal and Rampunggoon conducted two-dimensional numerical simulations to investigate the ability of synthetic jets to form large mean recirculation zones in a crossflow [4] .
The computational results indicated that the evolution of the vortex structures and the velocity profiles differed significantly for quiescent and crossflow cases. Schaeffler performed an experimental investigation via stereo particle image velocimetry to examine the formation of the synthetic jet flowfield with and without a crossflow [5] . The interaction of synthetic jet flow with a turbulent boundary showed that the amount of penetration for the mean flow into the boundary layer was reduced with respect to an increase in the free-stream Mach number. For a synthetic jet under the crossflow condition, the transient velocities measured near a circular orifice were obtained specifically for CFD code validation [6] . It can be crucial to fully understand the flow details of the synthetic jet interacting with crossflows before devising a practicable active flow control strategy based on implementation of SJAs. For prediction of such complicated flow problems, a computational fluid dynamics based computer code can be very useful as a simulation tool to optimize the control parameters. Since the investigations on the three-dimensional dynamic behavior of synthetic jets applied to flow separation control were relatively limited in the past, the purpose of this study is to characterize the unsteady flowfield of a synthetic jet intermingling with external crossflow. In this research, the commercial CFD software ACE+ ® was utilized for numerical calculations to probe the time evolution of the development process of the synthetic jet and its interaction within a turbulent boundary layer flow for a complete actuation cycle [7] .
Theoretical Model
The physical model considers a single synthetic jet emitting into a turbulent boundary layer crossflow via a circular orifice. The jet effect is mostly held within the boundary layer at relatively low velocity ratios of the synthetic jet to the crossflow, while a strong jet can extend beyond the boundary layer edge and substantially affect the events of the boundary layer. In this research, simulations using CFD code ACE+® were performed to investigate the flowfield structure induced by the interaction of a single synthetic jet with a crossflow. The theoretical model is based on the time-dependent, three-dimensional conservation equations of mass and momentum for the compressible turbulent flow with an insignificant temperature variation over the computational domain.
The above mathematical equations were discretized by using the finite control volume approach. A second-order accurate central difference scheme was employed to model the convective terms with adaptive damping for treating non-physical oscillations. For estimating the diffusion terms, a second-order accurate central difference scheme was implemented in the numerical solutions. The Crank-Nicolson scheme was applied to treat the unsteady term for providing the second-order accuracy in time. Furthermore, the iterative semi-implicit method for pressure-linked equations consistent (SIMPLEC) numerical scheme was adopted for velocity-pressure coupling [8] . The calculation in the time evolution of jet formation was explicit and had an inherent stability requirement on the allowable timestep magnitude. In each numerical cell, the stability limit was restricted by the Courant-Friedrichs-Lewy (CFL) Number, defined as (the local velocity magnitude) × (the maximum timestep) / (the length of a local cell), which must satisfy the condition CFL< 1 by setting the automatic timestep option in the ACE+® code. Figure 1 depicts the schematic diagrams of a SJA in crossflows and the actuator design. In this test case, the flow passed in and out of a 6.35-mm diameter circular orifice. The orifice was located on the floor of a wind tunnel splitter plate with a turbulent boundary layer at a Mach number of 0.1 and boundary layer thickness of around 21 mm. The synthetic jet was driven electro-mechanically by a bottom-mounted square-shaped rigid piston installed on an elastic membrane inside the cavity chamber under the splitter plate. Figure 2 exhibits the numerical grids of jet flowfield interacting with a crossflow in an overall stereography view with an enlarged mesh setup near the SJA for three-dimensional simulations. Satisfactory grid independence could be attained using a mesh setup of 520138 grids with CFL= 0.5. In the experiments, a turbulent crossflow interacted with a single synthetic jet emitted through a circular orifice at an inflow free-stream velocity U inf of 34 m/s and a jet exit velocity [8] . The symbols u, v, and w are the velocity components along the streamwise, spanwise and vertical directions (i.e. the X, Y and Z coordinate axes), respectively. With the center of the orifice set as the origin (X= 0), both CFD results by the standard k-ε and the RNG k-ε turbulent models were in good agreement with the measured u-velocity profile at X= -50.8 mm. It was also observed that a typical fully-developed turbulent boundary layer was formed before interacting with a synthetic jet in the downstream. At the axial location of 6.35 mm, the time evolutions of predicted u-velocity along the Z axis were compared with the experimental results at different phases. At the phase of 40 o , the membrane plate started to move ahead for expelling air out of the cavity chamber via the orifice. Thus, the influence of the synthetic jet on the streamwise velocity was limited within the height (Z) of ~2.5 mm in this early discharging stage of an actuation cycle. However, at the phase of 120 o , the jet flow velocity was increased in response to the forward movement of the membrane and intermingled with the turbulent boundary layer. The momentum infusion of the jet into the wake tended to substantially perturb the boundary layer for developing a highly distorted u-velocity profile in the lower region (Z ≤ ~10 mm). Fig. 4 shows the predicted time sequences of streamline contours and velocity vector plots in the middle X-Z plane for an actuation cycle. Emanating from the jet orifice, the time progression of the vortical structure visualized in the downstream region of the orifice exit indicated that the crossflow boundary layer was appreciably penetrated by the synthetic jet during the discharging stage. The velocity field at t/T= 6/8 clearly indicated that the adjacent air pulled into the cavity chamber came from the flow upstream of the jet orifice in the suction stage. Figure 5 shows the predicted time sequences of streamline contours and velocity vector plots in the Y-Z plane at X/D= 1 for an actuation cycle. For t/T= 2/8-4/8, the crossflow curved the vortex lines contributing to enhance the streamwise vorticity, whereas a counter-rotating vortex pair appeared in a spanwise plane. The development of the counter-rotating vortex pair was similar to what occurred in the interaction of a steady jet and a crossflow boundary layer. The vortex pair also produced rotating motions for entraining the crossflow air toward the lower central region, and thereby raised the boundary-layer thickness. For t/T= 5/8-6/8, the vertical velocity in the suction stage was continually reduced, causing shrinkage and eventual collapse of the counter-rotating vortex pair.
Results and discussion

Conclusions
In this study, the flow simulations using the k-ε model were generally more accurate than those by the RNG k-ε model in determining the temporary velocity profiles. The simulated results illustrated the time evolution of the substantial vortical structure originating from the jet orifice and its successive interaction with the crossflow to change the flow structure inside the boundary layer during the Advanced Materials Research Vol. 74 159 discharging stage. The velocity field in the suction stage showed that the fluid moved backed to the bottom wall with the adjacent air pulled into the cavity chamber from the flow upstream of the jet orifice, leading to collapse of the jet. A counter-rotating vortex pair in a spanwise plane also produced rotating motions for entraining the crossflow air toward the lower central region, and thereby raised the boundary-layer thickness. The vertical velocity was steadily reduced, causing shrinkage and collapse of the counter-rotating vortex pair in the suction stage. 
